Effects on the central nervous system of hypernatremic and hyponatremic states  by Arieff, Allen I. & Guisado, Raul
Kidney International, Vol. 10 (/976), p. /04—116
Effects on the central nervous system of hypernatremic and
hyponatremic states
ALLEN I. ARIEFF and RAUL GuIsADo
Kidney Research Laboratories and Department of Neurology, Fort Miley Veterans Administration Hospital and University of
California, San Francisco, California
Both hyponatremic and hypernatremic patients are
commonly encountered in a wide variety of clinical
situations. Most prominent among the clinical mani-
festations of either of these electrolyte abnormalities
are central nervous system symptomatology and/or
disorders of sensorium. Not infrequently, such pa-
tients have other associated medical conditions,
which may modify the clinical picture presented by
the abnormalities of salt and water balance. Nonethe-
less, both hyper- or hyponatremic subjects may pre-
sent with confusion, lethargy, muscle weakness or
myoclonus [1], and seizures are frequently observed.
Thus, it would appear that similar abnormalities of
central nervous system function may be induced by
dissimilar disturbances of electrolyte and osmotic
equilibrium. It is the purpose of the present paper to
review the clinical, anatomical and biochemical
changes in the central nervous system induced by
hypo- and hypernatremic states, and to attempt to
correlate these changes with the observed central ner-
vous system disorders.
Hypernatremia
Central nervous system lesions and hypernatremia:
Experimental animals. Hypernatremia itself not only
has profound effects upon the central nervous system,
but a variety of central nervous system lesions have
been reported to induce hypernatremia, usually by
diminishing thirst. There are numerous reports of
animal studies where hypernatremia occurred in as-
sociation with hypothalamic lesions. Electrical stimu-
lation of various regions in the hypothalamus has
been reported to induce hypernatremia, generally by
promoting diminished water intake [2, 3]. Similarly,
destruction of the mid-hypothalamus in experimental
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animals is generally associated with cessation of
drinking [4J. Other areas of the brain where induction
of lesions has been associated with diminished water
intake include the subcommissural organ [5] and pin-
eal gland [6].
Central nervous system lesions and hypernatremia:
Studies in patients. In patients, hypernatremia has
been associated with various cerebral lesions, and the
clinical experience has been extensively reviewed else-
where [6—8]. In most of the reported cases, it appears
that the patients were unable to obtain adequate
amounts of water due to impairment of sensorium.
Thus, although many different cerebral lesions have
been suggested as being causative in the genesis of
hypernatremia, there is good evidence only to impli-
cate lesions of the hypothalamus or supraoptico-hy-
pophyseal tracts [6, 9]. Evidence that other central
nervous system lesions may cause hypernatremia is
tenuous, primarily because of the lack of accurate
fluid and electrolyte balance studies in reported cases.
There are also some scattered reports of so-called
"cerebral" or "essential" hypernatremia [10, 11]. In
these patients, there appears to be a resetting of the
cerebral "osmostat" such that forced hydration of a
hypernatremic patient results only in excretion of
excess water, with maintenance of plasma Na at an
elevated level [7, 10—131. Most of these patients have
normal renal concentrating and diluting capability,
and regulation of antidiuretic hormone (ADH) secre-
tion is normal or only partially impaired [10, 14].
Lastly, ectopic pinealomas, especially when located
in the hypothalamus, frequently are associated with
hypernatremia, usually due to loss of thirst [6, 15,
16].
Other medical conditions associated with hyperna-
tremia. In addition to central nervous system lesions,
there are a number of medical conditions which may
cause hypernatremia, most of which are observed in
the very young or the elderly. In infants, gastroente-
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ntis with diarrhea is the most common cause [6, 17,
18]. In elderly individuals, hypernatremia is often
associated with infirmity and inability to freely obtain
water, leading to gradual desiccation [8]. Small chil-
dren may also become hypernatremic after accidental
administration of a high solute load, particularly the
accidental substitution of NaC 1 for sugar in prepara-
tion of formula [19, 20] or improper dilution of con-
centrated formulas [21]. Other causes of hyperna-
tremia include nasogastric hyperalimentation, non-
ketotic hyperosmolar coma, acute renal failure [6],
renal tubular damage, dialysis, dehydration second-
ary to elevated ambient temperature, pituitary or
renal diabetes insipidus, sea water ingestion and hy-
peradrenocorticoid states. These have been discussed
elsewhere [6, 8, 22, 23]. More recently, hypernatremia
has been reported in association with renal trans-
plantation [24] and as a complication of dialyzer
proportioning system malfunction [25, 26]. Gener-
ally, diabetes insipidus is associated with hyperna-
tremia only under circumstances where the patient is
unable to freely obtain water, such as a postoperative
neurosurgical patient or one suffering from head
trauma [27], or when the lesion responsible for the
diabetes insipidus results in a decrease in thirst. Re-
cent reports suggest that there may be a whole new
class of hypernatremic patients who had not pre-
viously been diagnosed. Excessive administration of
hypertonic solutions of NaHCO3 to critically ill
patients suffering cardiac arrest was associated with a
hyperosmolar state (plasma osmolality = 377 7
mOsm/kg) in 12 patients so treated, none of whom
survived [28]. Similarly, administration of excessive
amounts of NaHCO3 to newborn infants has been
associated with hypernatremia and intracranial hem-
orrhage, with a mortality of 71% [29]. Severe hyper-
natremia has also been observed in patients inadver-
tently receiving i.v. hypertonic NaCI for therapeutic
abortion [30], and may also occur in patients with
lactic acidosis who receive large quantities of i.v.
NaHCO3 [31, 32].
Symptoms of hypernatremia: Experimental animals.
Most symptoms of hypernatremia relate to the cen-
tral nervous system and they appear to be grossly
correlated with the rate at which serum Na in-
creases. The initial symptoms of hypernatremia in-
clude lethargy and hyperirritability, which may pro-
gress to muscle rigidity and tremor, with hyperre-
flexia and spasticity. Seizures may also occur, and
coma may supervene. In experimental animals, i.v.
administration of hypertonic solutions may result in
a syndrome of stupor, ataxia, convulsions and coma
[33—35]. In adult rabbits receiving i.v. infusions of
hypertonic solute, neurological symptoms were ob-
served when serum osmolality was acutely elevated
to over 350 mOsm/kg [34, 35], while death often
occurred at plasma osmolality above 430 mOsm/kg.
When serum osmolality was above 350 mOsm/kg,
the animals showed restlessness with increased irrita-
bility [34—36], while at serum osmolalities between
375 to 400 mOsm/kg, ataxia and tremulousness of
the extremities were present [34]. When serum
osmolality exceeded 400 mOsm/kg, synchronous
and asynchronous jerks and tonic spasms were ob-
served, the animals gradually became stuporous, and
a significant number did not survive [34—36].
Symptoms of hypernatremia: Patients. Most infants
with chronic hypertremia have clinical evidence of
dehydration, with a loss of 6 to 12% of body weight
[37, 38], and they manifest a characteristic clinical
picture which has been described elsewhere [38—40].
About 67% of such patients have symptoms refer-
rable to the central nervous system. Most have
marked irritability and they often emit a high-pitched
cry. Depression of sensorium is characteristically
present, and this varies from moderate lethargy to
frank coma. Normal muscle tone is the rule, but
many patients have varying degrees of increased
muscle tone, which may be accompanied by hyper-
active deep tendon reflexes or twitching, and many
patients show frank seizure activity [38, 39]. Men-
ingeal signs are not usually present on admission. The
most frequent abnormality found on lumbar punc-
ture is an elevated cerebral spinal fluid protein con-
centration, without pleocytosis [38, 39]. Although
most of these patients are not diabetic, many are
hyperglycemic and most have hyperkalemia and
metabolic acidosis [38, 41]. Hypocalcemia is also fre-
quently present [23].
Seizures are not commonly observed in patients
with chronic hypernatremia [37, 38], but after ther-
apy is begun, up to 40% may exhibit seizure activity
[37, 38]. A similar pattern is observed in chronically
hypernatremic rabbits who are rapidly treated with
i.v. 140 mM glucose [42].
Both morbidity and mortality of children with
chronic hypernatremia are substantial. The mortality
in different series is between 10% and 71% [29, 37, 39,
43], and even when therapy has been adequate, the
morbidity is high. Among 100 patients studied by
Macauley and Watson [43], 8 sustained brain dam-
age: one had tetraplegia and 7 were either retarded,
hyperkinetic or clumsy. Among 32 hypernatremic
patients who were successfully treated and then fol-
lowed for up to 8 years, one was monoplegic, 2 had
seizure disorders and 8 had abnormal electroenceph-
alogram (EEG) findings [37].
In infants with acute hypernatremia, the most com-
monly observed symptoms are emesis, fever and la-
bored respiration. Spasticity may be observed, grand
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mal seizures occur in almost all patients and coma is
frequent [20, 44]. Neurologic abnormalities, such as
hemiparesis and Babinski sign, are not uncommon.
Both mortality and morbidity are imposing. Among
infants with acute salt poisoning in the Binghamton,
New York episode, 6 of 14 died and the remainder
had neurologic sequelae [19]. In 7 other patients with
hypernatremic dehydration, all survived but 6 of 7
had severe brain damage [33].
In adults with hypernatremia, the symptoms are
much less straightforward due to the presence of
numerous other associated medical conditions which
are often of a catastrophic nature [23, 27]. Most
associated symptoms are not attributable to hyper-
natremia per se. The sensation of thirst is usually not
verbalized because affected patients frequently have
depression of sensorium. The physical signs com-
monly associated with dehydration, such as altered
skin turgor and sunken eye sockets, may not be ap-
parent because of the usual effects of aging [I]. Leth-
argy, stupor or coma may be present to varying de-
grees. Muscle irritability and convulsions have been
reported [23] but are unusual, and it may be difficult
to separate effects of hyperosmolality from the effects
of therapy [43].
Hypernatremia: Eleciroencephalographic changes in
experimental animals. In experimental animals, hy-
perosmolality results in a progressive slowing of
background EEG frequencies, but no spikes or pa-
roxysmal discharges are seen even in the presence of
paroxysmal jerking of the body [34, 35]. These
changes suggest alterations at different levels of the
nervous system and probably of spinal cord or pe-
ripheral nerve trunks as well, since the paroxysmal
jerks and tonic contractures do not disappear after
spinal cord or sciatic nerve section [36].
Other EEG abnormalities are observed at the
time symptoms of hyperosmolality become manifest.
There is a generalized reduction in voltage, disap-
pearance of fast activity and the appearance of
bursts of 4 to 5/sec spindle-like activity. There is
gradual progression to I to 3/sec high-voltage waves,
with cessation of EEG activity at the time of respi-
ratory arrest [34].
Hypernatremia: Electroencephalographic changes in
patients. Electroencephalograms obtained on hyper-
natremic patients are usually either normal or show
minor degrees of slowing of background frequencies
[38]. However, some patients have generalized slow
wave activity and a minority (about 7%) may demon-
strate characteristic epileptic activity [37]. In the ma-
jority of instances, the previously observed EEG
changes are no longer present four to six weeks after
successful therapy [38].
Hypernatremia: Pathology. Evaluation of the ef-
fects of abrupt elevation of plasma osmolality by salt
loading has been extensively studied in experimental
animals. Because of the occurrence of a large number
of cases of accidental salt poisoning in infants, infor-
mation as to effects on patients is also available [19,
20].
In animals (kittens) rendered acutely hyperna-
tremic (plasma Na 196 mmoles/liter), 30% died
within 24 hr. Eighty-five percent of the animals had
subdural hemorrhage with xanthochromic spinal
fluid, and 7% had subdural hematoma [33]. Grossly,
the brains were retracted 3 to 6 mm below the inner
table of the skull. There was generalized capillary and
venous stasis throughout the brain. Histologically,
there was pyknosis of microglial nuclei and cortical
neurons [45, 461.
Among children who died in the Binghamton, New
York, salt poisoning episode [19, 20], pathological
findings in the brain were similar to those observed in
experimental animals with acute salt (NaCI) poi-
soning. There were multiple petechial hemorrhages
throughout the cortex and subcortical white matter,
and thrombotic occlusion of capillaries, veins and
sinuses.
The most commonly accepted explanation for
the causation of the aforementioned pathological
changes is that an abrupt elevation of plasma os-
molality, by establishing an osmotic gradient from
blood to brain, leads to a rapid net movement of
water from the central nervous system. The loss of
brain water could lead to a rapid shrinkage in brain
volume. The physical force of the shrinking of the
brain could lead to increased stress on the falx cerebri
and venous sinuses, with subdural hemorrhage. Sim-
ilarly, tearing of intracerebral veins could result in
intracerebral hemorrhage, as has been described [33,
46]. It is interesting to note that when plasma Os-
molality was elevated by a similar amount over a
similar time span, but using urea rather than NaCI
solution, similar gross pathological changes were in-
duced in the central nervous system [33]. However,
urea-injected animals showed less of a decrease in
brain water content, and the mortality was less. Such
findings suggest that the high mortality associated
with acute salt (NaCl) intoxication is not due to the
effects of hyperosmolality alone [33, 34].
Hypernatremia: Changes in brain water and elec-
trolytes. Changes in water and electrolyte contents in
brain have been measured in hypernatremic animals,
by a number of investigators [33, 34, 47—49]. In these
studies, the duration of hypernatremia has varied
from a few hours [34, 48] to several days [33, 47—49].
In animals with hypernatremia of less than two
hours' duration, brain water content has been found
to be reduced in all cases (Table I), with marked rises
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Table 1. Effects of hypernatremia on brain water and electrolyte content
Undetermined
Brain H20, Brain Na, Brain K, Brain C1, solute,
%change %change %change %change %change
Duration of Animal Serum Na from from from from
hypernatremia species mmoles/liter normal normal normal normal normal
Guisado, Lazarowitz, Ariefl I hr rabbit 178 —5.4 +27.9 +5.6 +21.8 +5.7
Holliday, Kalayci,
Harrah [48] 3 hr
Guisado, Ariefl 4 hr
rat
rabbit
200
182
—13.9
—7.8
+34.2
+35.0
+2.8
+ 13.2
+59.6
+40.2
+2.4
0
Sotosetal [34] 9hr rabbit 199 —15.7 +42.5 +8.0 +55.9 +23.7
Finberg, Luttrell,
Redd [33] 24 hr kitten 196 —10.6 +28.6 +0.9 +32.4 + 14.6
Bradbury, Kleeman [47] 48hr cat 174 —4.6 +10.0 +1.9 +17.1 +27.9
Holliday, Kalayci,
Harrah [48] 7 days rat 181 —2.8 +0.6 +3.9 +88.4 +43.3
Guisado,Lazarowitz,Ariefl7days rabbit 173 +1.9 +17.3 +8.8 +20.1 +59.8
Unpublished data.
in brain Na and Cl content, whereas brain K
content did not change substantially (Table I). When
hypernatremia was maintained for more than two
hours, there was a 16% fall of water content in both
brain and muscle [34]. After one or two days of
hypernatremia [33, 47, 48], water content of brain
was less than normal, but was reduced by proportion-
ately less than was observed in skeletal muscle. In
studies where hypernatremia was maintained for
seven days, brain water content was normal [481. It
would seem, then, that brain is able to minimize
changes in its intracellular volume in the presence of
extracellular hyperosmolality which is sustained for
periods of several hours to seven days.
In earlier studies of the effects of hypernatremia on
the central nervous system, it was found that brain
achieved osmotic equilibrium with plasma without
significant changes in electrolyte (Na, K, Cl-) con-
tent and with only minimal changes in brain water
[33, 34]. Based on these findings, it was postulated
that brain intracellular osmolality became elevated in
hypersomolar states largely by the generation of ad-
ditional undetermined solutes (idiogenic osmoles).
These earlier studies, however, had some method-
ological problems (loss of brain electrolytes by lipid
extraction) which may render some of the results
invalid [23]. Even so, more recent studies have
avoided such problems and the conclusions have
been similar. In animals with either acute (three
hours) or chronic (seven days) hypernatremia, brain
content of Na and C1 did rise significantly, but not
enough to account for the observed changes in brain
osmolality [48]. The suggested mechanism is that
there may be generation by the brain of undeter-
mined solute ("idiogenic osmoles") in chronic hyper-
natremic states.
Table I compares the changes in plasma osmolality
with changes in brain electrolyte content reported by
several investigators. It is apparent from the table
that the sum of brain concentrations of Na, K and
C1 in both normal and hypernatremic animals does
not add up to the brain osmolality (assuming meas-
ured plasma osmolality to be similar to brain os-
molality in a steady state) [51, 52]. The difference
between estimated brain osmolality and the brain
tissue electrolyte concentration (Nat K C1), how-
ever, is similar both in normal and in acutely (one to
three hours) hypernatremic animals. In animals with
more protracted hypernatremia (Fig. 1) (two to seven
days), the difference between estimated brain Os-
molality and brain electrolyte concentration is larger
than control values, despite the fact that there has
actually been a net gain in brain electrolyte content.
It is also apparent that the loss in brain tissue water
content is greater in animals with acute hyperna-
tremia than in those animals with chronic hyperna-
tremia, so that brain water content has returned to
normal after seven days of hypernatremia (Fig. 1).
Thus, brain tissue is somehow able to regulate its
intracellular volume in response to hypernatremia by
increasing intracellular osmolality, but this adapta-
tion is only partially explained by a net increase in
electrolyte concentration. It appears that in hyperna-
tremia, brain tissue gains some, as yet undetermined,
solute other than Nat, K and C1, or there may be
generation of "idiogenic" osmoles through as yet
unknown mechanisms.
In both the amphibian and mouse brain, the con-
tent of certain intracellular metabolites (glutamic
acid, gamma aminobutyric acid [GABA], glucose,
alanine, aspartate, glutamine) changes in response to
changes in extracellular osmolality [49, 52—55], thus
limiting the loss or gain of water in brain. Thus, it
would appear that, in chronic hypernatremia in some
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animals, brain amino acid content increases, and this
increase may be one of the mechanisms by which
brain is able to limit volume changes in response to
changes in serum osmolality. Other possible mecha-
nisms might include the disassociation of intracellu-
lar protein-salt complexes, the action of hydrolytic
enzymes in lysosomes which have been activated by
hyperosmolality, or some changes in intracellular
metabolism leading to accumulation in brain of other
small molecular weight substances [23, 56].
Pathogenesis of hypernairemic encephalopaihy. In-
terpretation of the effects of increased serum Na
concentration on neuronal activity are complicated
by the concomitant effects of hyperosmolality, with
resultant shifts of water across cerebral membranes.
Abrupt elevation of extracellular osmolality may
cause an increase in frequency of release of acetyl-
choline at nerve terminals [57]. However, large in-
creases in osmolality may also block neuromuscular
transmission, due both to a decrease in acetylcholine
released at nerve terminals and to a block in ex-
citation-contraction coupling [57, 58]. Sudden in-
creases in serum Na, as by intracarotid infusion of
hypertonic NaCI [59, 60], may induce electroenceph-
alographic evidence of seizure activity, which may
then be abolished by decreasing plasma osmolality.
However, a similar effect on the electroencephalo-
gram may also be observed following intra-arterial
injection of glucose, suggesting that hyperosmolality
rather than hypernatremia may be the causative stim-
ulus [59]. Intraventricular injection of hypertonic
NaCI induced both paroxysmal neuronal discharges
and increases in general hyperexcitability of neurons
[61], effects which were not reproduced by in-
traventricular injection of similar osmotic loads of
mannitol or sorbitol [61]. While intracarotid in-
jection of hypertonic glucose induced a similar pat-
tern of increased neuronal excitability as did hyper-
tonic saline [59], intraventricular infusion of glucose
did not. Thus, it may be that changes in serum os-
molality are more important than is hypernatremia in
producing such neuronal changes [23, 62].
Brain energy metabolism is apparently reduced in
animals with chronic hypernatremia [49], since levels
of both lactate and malate in brain are low. The fall
in brain malate is accompanied by an increase in
brain phosphocreatine levels [49]. These changes in
energy metabolism, however, have not been con-
firmed by others [55], although brain energy utiliza-
tion has been found to be low in animals after only
one hour of hypernatremia [55]. It is not clear, then,
to what extent brain energy metabolism may be re-
duced in hypernatremia, or how such changes might
contribute to the observed clinical abnormalities. It is
thus apparent that further studies are needed in this
area.
Hypernatremic dehydration: Therapy. Hypernatremic
dehydration is associated with a significant mor-
tality, both in infants and elderly individuals [8,
27, 29, 38]. The problem is of considerable magnitude
in both age groups. In studies from several different
medical centers, the reported incidence of severe hy-
pernatremia exceeds one patient per hospital per
month in elderly individuals [8, 27, 63], with a slightly
higher incidence in children [29, 38]. Despite the
magnitude of the problem, there is little hard data
Hypernatremia, brain
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Fig. I. The changes in brain osmole content (mOsm/kg dry wt), brain
content of Na + K + Cl (m,noles/kg dry wt), and brain water
con gent (g H2 0/100 g dry wt) in animals with experimental
hypernatremia. Brain osmolality has been estimated by assuming
osmolality of plasma and brain to be equal in a steady stale (see
text for explanation). In animals with acute hypernatremia (I to 4
hr). brain osmolalily increases due both to a loss in water and gain
in solute. Brain water content is 9% below control values. Brain
osmole content is increased by 24% above normal values, with
virtually all of the increase accounted for by increases in Nat, K
and C1. In chronically hypcrnatremic animals, brain osmolality is
also elevated, but most of the increase is due to a gain in brain
solute. Brain water content is similar to normal values. Brain
osmole content is 35% above control levels, but most of the in-
crease is not accounted for by changes in brain content of Na,
K. Cl, but is due to undetermined solute (idiogenic osmoles)
(1481, unpublished data: Table I).
Acute j F.Chronic
I (1—4hr) I (7 days)
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available on the quantitative aspects of therapy of
severe hypernatremia. It has been shown in patients
and experimental animals that hyperosmolality per se
is potentially lethal [26, 27, 29, 34, 63]. However,
overly rapid treatment of hypernatremia by infusion
of hypotonic solutions can cause seizures and cere-
bral edema, which may also be lethal [17, 26,42, 64].
Most investigators agree that patients with hyper-
natremic dehydration should be treated with fluid
which provides free water in excess of electrolytes. In
both children and adults, fluid therapy is usually
calculated so as to be administered over a period of
about 48 hr [6, 17, 27]. Despite such recommenda-
tions, little data in humans or animals are available as
to the ideal rate of fluid administrations. Fatal cases
of cerebral edema, as well as permanent brain dam-
age, have occurred when hypernatremia was com-
pletely corrected within 24 hr [26, 37, 38, 64, 65, 66],
while seizures with cerebral edema occur in more
than 50% of hypernatremic rabbits when plasma Na
is reduced from 185 to 142 mmoles/liter in 4 hr [42].
The aforementioned studies highlight the dangers of
overly rapid correction of hypernatremia. However,
they also point out the fact that there is really no data
which have demonstrated how fast one can safely
lower plasma Na in hypernatremic states. Currently
accepted therapeutic regimens for treating hyperna-
tremia in adults or children have recently been re-
viewed [6, 17].
Hyponatremia
Hyponatremia is a common accompaniment of
many systemic disease states and occurs as a result of
dilution and/or depletion of body Na stores. The
etiologies of hyponatremia are diverse and include
several iatrogenic causes, such as diuretic administra-
tion [671, excessive parenteral fluids [68, 69] and
many pharmacologic agents [70, 71]. Self-induced
hyponatremia has been reported in voluntarily water-
intoxicated infants [72] and in adults consuming ex-
cessive amounts of water or beer [73—77]. Other
causes of hyponatremia are related to impaired renal
ability to appropriately excrete free water, and in-
clude the syndrome of inappropriate secretion of an-
tidiuretic hormone (SIADH), hepatic cirrhosis, con-
gestive heart failure, Addison's disease and many
others. These entities have been discussed elsewhere
[78—80].
Hyponatremia: Symptoms. The symptoms of hypo-
natremia are dependent on the etiology, magnitude
and acuteness of the condition. In general, symptoms
of sustained hyponatremia which are due to a com-
bination of Na depletion and water ingestion [81]
differ markedly from those which accompany acute
water intoxication. In a classical experiment, individ-
uals were maintained for 11 days on a salt-free diet
which, combined with excessive perspiration and a
high water intake [82], caused the serum Na concen-
tration to fall from 147 to 131 mmoles/liter. These
subjects all experienced constant thirst, impaired sen-
sation of taste, anorexia, and several experienced
muscle cramps. All had a feeling of general exhaus-
tion, with dyspnea on exertion, and dulling of senso-
rium. Other studies have shown that in individuals
with a greater depression of serum Na (120 to 130
mmoles/liter), sumptoms of nausea, emesis and ab-
dominal cramps may occur [70, 81]. With even more
severe hyponatremia (below 115 mmoles/liter), sub-
jects may manifest weakness, lethargy, restlessness,
confusion, delirium and impaired mentation [1]. In
addition, muscular twitching is often present, and
convulsions may occur [69, 73, 76, 83, 84]. Many
other neurological abnormalities have been reported
in patients with chronic hyponatremia, including
focal weakness, hemiparesis, ataxia and Babinski sign
[1, 73, 81].
The symptoms of acute water intoxication appear
to differ substantially from those attributable to Na
depletion per se, although differences may actually be
due to the rapidity with which plasma Na is
lowered. Neurological manifestations of acute water
intoxication usually are not observed until plasma
Na has fallen below 125 mmoles/liter [76, 85, 86],
and they include nausea, emesis, muscular twitching,
grand mal seizures and coma. Acute (less than 24 hr)
water intoxication (plasma Na less than 125
mmoles/liter) has a mortality of about 50% [68, 69,
73, 74, 76, 87, 88] with a substantial morbidity (usu-
ally brain damage). However, when plasma Na is
slowly (several days to several weeks) lowered to 125
mmoles/liter or less by salt depletion and water
ingestion, patients usually are less symptomatic [69,
81, 85, 86].
In experimental animals with acute water in-
toxication, coma and seizures may be seen when se-
rum Na is acutely lowered to levels of about 120
mmoles/liter over a period of two hours [69]. When
serum Na is reduced to 122 mEq/liter over two to
three days, however, most animals are asymptomatic
[69]. More profound hyponatremia (serum Na =
110 mmoles/liter or lower) usually results in varying
degrees of lethargy, coma and seizures [69, 89]. Thus,
both in patients and experimental animals, the neuro-
logical manifestations seem to correlate grossly both
with the degree of hyponatremia and with the rapid-
ity of the fall in serum Nat
Hyponairemia: Paihophysiology. The pathophys-
iology of the symptoms associated with hypona-
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tremia has not been elucidated. It has always been
assumed that in patients who die of severe hypona-
tremia, the cause of death is brain edema, with pos-
sible brain stem herniation. However, there are very
few such cases where the underlying pathology has
actually been confirmed by autopsy [74, 88]. In most
reported cases, either postmortem examination was
not done [69] or the patients died several days after
correction of the hyponatremia [68] and at that time
they did not have brain edema. However, in numer-
ous animal studies performed by many different in-
vestigators, it has been found that acute (I to 4 hr)
hyponatremia (plasma Na less than 125 mmoles/
liter) results in cerebral edema [35, 48, 69, 88—
90]. The cerebral edema is generally accompanied
by seizures, but there is no good correlation between
the level of plasma Na and the occurrence either of
seizure activity or other manifestations of hypona-
tremia. In fact, the occurrence of seizures in animals
with acute water intoxication may be related either to
brain edema per se, or low intracellular concentration
of Na and/or K. In animals with chronic hypona-
tremia, at least part of the reason for the occurrence
Chronic Na, 1—7 days
of symptoms may be the presence of minimal brain
edema. Even when hyponatremia has been present
for 3 to 22 days, brain water content is still 7% above
normal vaiues [69, 91]. However, chronically hypo-
natremic animals also have significant decrements in
brain contents of Na4, K and Cl (Fig. 2), which
may also contribute to symptomatology.
In patients, the symptoms of hyponatremia are not
related to either depression of plasma Na per se or
to the rapidity of induction of hyponatremia. In Fig.
3 is shown the plasma Na versus depression of sen-
sorium in 65 hyponatremic patients. It can be appre-
ciated that for almost any given level of plasma Na,
there is marked variation in depression of sensorium.
Similar findings have been reported by others [1, 8],
where some patients with serum Na of 108 to 132
mmoles/liter had severe neurological manifestations
and others with Na of 117 to 133 mmoles/liter were
asymptomatic. In general, however, when plasma
Na is below 120 mmoles/Iiter most patients have
some depression of sensorium and many have sei-
zures (Fig. 3).
Hyponatremia: Elect roencephalographic changes.
Electroencephalographic abnormalities in hypona-
tremia are common but also nonspecific [68]. The
most common changes are a loss of normal alpha
wave activity with irregular discharges of high ampli-
tude slow (4 to 7 Hz) wave activity [85, 92, 93]. These
changes are more obvious over the posterior than the
anterior portion of the head, and they tend to be
more severe with lower levels of serum Nat The
EEG changes usually return to normal after correc-
tion of the hyponatremia [76, 92, 93].
Hyponatremia: Pathology. There are few patholog-
ical studies of brain in patients who have died of
1 2 3 4
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P <0.01
Fig. 3. The relationship between plasma Na4 concentration and
depression of sensorium in 65 patients with plasma Naof 128
mmoles/liter or less. It can be seen that although there is a highly
significant overall correlation, substantial overlap among groups
of patients is present. Among patients who had seizures, the
plasma Na4- (± SE) was 112 2 mmoles/liter, while in those
patients who did not have seizures, plasma Na4 was 119 1
mmoles/liter (P < 0.01). Figure reproduced from Ariefi Al et al,
Medicine 55:121—129, 1976, with permission.
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Fig. 2. The changes in sensorium in animals with experimental
chronic hyponatremia. Clear bars sndicate brain H20 and black
bars indicate brain Na4 and K4. Animals whose plasma Na4- is 110
to 130 mmoles/Iitei- are generally alert. There are small but signifi-
cant changes in brain water (+7.1%) and (Na4- + K4) content
(—7.8%). Animals with plasma Na4 of90 to 110 mmoles/liter are
usually lethargic or stuporous. The increase in braIn water is sim-
ilar to that found in alert anima1, but there are substantial decre-
ments in brain (Na4 + K4) content (— 19.2%). When plasma Na4
is below 90 mmoles/liter, animals are generally comatose. Brain
(Na4 + K4-) content is similar to that of the stuporous animals, but
brain water content is substantially greater (14S, 69, 89, 91), Table
2). (Na) = hyponatremia.
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hyponatremia. In one of the first reported cases, a
patient who had absorbed 9000 ml of tap water was
studied one hour after death [88]. Examination of the
cranial contents revealed obliteration of the sub-
arachnoid space. The cerebral gyri were flattened,
sulci were largely obliterated, there was uniform en-
largement of the brain in all directions, and the yen-
tides were reduced in size. Microscopically, there was
increased vacuolization and swelling of supportive
(glial) structures, with cellular swelling apparently
confined to white matter. Since this initial report, an
additional pathological study of a patient who died of
acute water intoxication revealed "cerebral edema"
with uncal and tonsillar herniation [74]. In one other
patient who died three weeks after an episode of
acute water intoxication, no cerebral edema was pres-
ent [68].
Several investigators have studied the effects of
acute water intoxication on brain in experimental
animals. In general, all have found that there is con-
siderably less swelling in brain than in other tissues
(liver, muscle) studied [48, 50, 89, 91, 94]. Edema is
present in both gray and white matter of brain [89,
94], although more so in white matter [95]. The
blood-brain barrier is judged to be generally intact in
water intoxicated animals, as assessed by the absence
of penetration into brain of parenterally administered
trypan blue [94].
Microscopically, cellular swelling appears to be
confined to astrocytes, with sparing of neuronal ele-
ments [96, 97]. Phase microscopy of brain in water-
intoxicated rats [97] revealed mild perivascular glial
swelling with severe swelling of astrocytes. Electron
microscopy [97] showed no damage to cytoplasmic
organelles, intact mitochondria and normal tight
junctions. There was no evidence of damage to neu-
rons or oligodendrocytes. Most swelling was con-
fined to astrocytes, and the extracellular space was
significantly enlarged.
Hyponatremia: Effects on brain water and elec-
trolytes. Brain water andelectrolyte content has been
evaluated by a number of different laboratories in
animals rendered hyponatremic (Table 2). Inter-
pretation of the results reported by different authors
is made more difficult by the variety of animal species
used and the different degrees of hyponatremia
achieved. In general, however, the increase in brain
water content seems to be greater in animals with
acute hyponatremia (1—4 hr, Fig. 4) or when the
serum Na is lowered below 100 mmoles/liter (Fig.
2). During chronic hyponatremia, however, the in-
crease in brain water content is lower than that pre-
dicted by the extent of the hyponatremia and also
lower than that seen in other tissues, such as skeletal
muscle [48, 89, 97].
Thus, it appears that the extent of the increase in
water content in response to hyponatremia is some-
how limited in brain tissue by mechanisms not alto-
gether clear. Brain electrolyte content (mmoles/kg
dry weight) is somewhat decreased in animals made
hyponatremic over a period of 1 or 2 hr [48, 91, 94,
99] (Fig. 4). When hyponatremia is induced over
longer periods of time, there is a significant fall in
brain content of Nat, K and Cl [35, 69, 89, 98,99]
(Table 2). In general, the fall in brain content of Na
and K in chronic hyponatremia is proportional to
the fall in serum Na1- level (Fig. 2). The principal
mechanism which limits the extent of brain swelling
in response to prolonged hyponatremia appears to be
a secondary decrement in brain electrolyte content,
chiefly Na and K1-. This is substantiated by the
changes in brain osmolality seen in hyponatremic
animals 169]. It is apparent from Fig. 5 that brain
osmolality is significantly higher than serum os-
molality in animals made hyponatremic over a period
of two hours. When similar degrees of hyponatremia
are induced over a period of several days, brain os-
molality progressively falls, eventually reaching levels
similar to plasma [69]. Thus, the fall in brain os-
molality limits the extent of water gain by brain, by
Table 2. Effects of hyponatremia on brain water and electrolyte content
Duration of
hyponatremia
Animal
species
Brain H20,
% change
from normal
Brain Na,
% change
from normal
Brain K,
% change
from normal
Serum Na4
,nmoles/lite,
Pappius, Oh, Dossetor [115]
Arieff, Llach, Massry [69]
Holliday, Kalayci, Harrah [48]
Wakim [90]
Reymer, Fishman [89]
Reymer, Fishman [89]
Arieff, Llach, Massry [69]
Holliday, Kalayci, Harrah [48]
Dila, Pappius [91]
Arieff, Liach, Massry 169]
1 hr
2 hr
3 hr
4hr
1 day
2 days
3 days
3 days
3 days
17 days
dog
rabbit
rat
dog
rat
rat
rabbit
rat
rat
rabbit
+ 14.7
+ 16.8
+7.5
+12.0
+ 13.0
+14.0
+6.8
+9.1
+29.0
+6.6
—10.6
—20.3
0
—32.3
—22.1
—16.1
—8.0
—20.0
—20.6
—26.7
+2.8
—16.3
+7.6
—39.9
—19.5
—19.5
—6.5
—15.9
—18.2
—17.3
110
119
I 13
76
87
123
122
93
102
99
112 Aneff and Guisado
F— H2O-+—Na + K+H
Fig. 4. Changes in brain content of water, Na and K in animals
with acute (1 to 4 hr) hyponatremia. With a fall in plasma Os-
molality, an osmotic gradient favors the net movement of water
into brain, with brain water increasing to 13% above control val-
ues. There is also a loss by brain of Na and K (by II to 16%),
with a resultant fall in brain osmolality, so that the increase in
brain water is lessened ([48, 69, 90, 115], Table 2).
reducing the osmotic gradient induced by the acute
fall in serum Nat
Thus, the change in brain composition which is of
the greatest order of magnitude in animals with acute
hyponatremia is an increase in brain water content,
whereas in chronic hyponatremia, there is a lesser
gain in brain water, but a significant fall in both Na
and K content, It has been suggested that the en-
cephalopathy associated with hyponatremia may be
related to the decrease in brain K which is seen in
experimental animals [91]. Rymer and Fishman [89],
however, have recently presented evidence which sug-
gests that the degree of encephalopathy in acutely
hyponatremic rats does not correlate either with the
serum Na level or the brain content of Na or K.
When water-intoxicated rats who had become com-
atose were then allowed to recuperate, some returned
to an alert state. The level of serum Na as well as the
brain content of both Na and K were similar in the
comatose and alert animals, but brain water content
was significantly lower in alert versus comatose ani-
mals. The acute effects of hyponatremia on brain
function, then, would appear to be related to brain
edema, which is present before the brain can undergo
compensatory changes to adapt to the fall in serum
Nat In animals with chronic hyponatremia, how-
ever, there are significant decrements in brain content
of both Na and K (Fig. 2).
Sodium is an essential component for the ex-
citability properties of both nerve and muscle tissue.
Without Na ions in the extracellular fluid, both
nerve and muscle become inexcitable [100]. Synaptic
transmission and the generation of the action poten-
tial are both dependent on the presence of Nat The
membrane potential at the height of the action poten-
tial and the rate of rise of the action potential itself
are dependent upon the sodium equilibrium potential
[101]. Sodium is also involved in the release of neu-
rotransmitters in the presynaptic terminal [102] and
in the reuptake of transmitter by the nerve endings
[103, 104].
Recently, transport systems for both the release
and reuptake of neurotransmitter amino acids have
been shown to exist in synaptomosomes of brain and
spinal cord [1051, as well as in peripheral nerve [106,
107]. A Na gradient is assumed to be one of the
major sources of energy for transport of metabolites
against a concentration gradient [108]. In brain
and spinal cord synaptosomes, the neurotransmitter
Brain, acute Na
(1-4 hr)
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____________________
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Fig. 5. The osmolalities of plasma, cerebrospinal fluid (CSF) and
brain in normal rabbits, rabbits with acute (2 hr) hyponatremia
(lNa), andrabbits with chronic (17 days) hyponatremia. In normal
animals, osmolalities of the 3 compartments are not different. In
acutely hyponatremic animals there is a significant osmotic
gradient between plasma, CSF and brain, which favors net move-
ment of water into the brain and CSF. After 17 days with chronic
hyponatremia, osmolalities of the 3 compartments are not different
but all are significantly less than normal [69].
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amino acid transport systems are almost totally Na
dependent [105, 109], and amino acid uptake in brain
slices either is decreased or completely inhibited by
the absence of Na [110].
Hyposmolality per se has been observed to result in
a decrease in the level of phosphocreatine in brain
tissue slices, but there is no change in brain tissue
levels of either adenosine triphosphate (AlP), aden-
osine diphosphate (ADP) or adenosine monophos-
phate (AMP) [56]. It may be that, in hyposmo-
lar states, brain energy production is inhibited, but
that for a period of time, normal brain levels of ATP
are maintained at the expense of reduced phospho-
creatirie [56].
Hyponatremia, then, may affect brain function by
any of several mechanisms. Initially, the symptoms
of acute hyponatremia may probably be explained
by brain edema, with a secondary increase of in-
tracranial pressure. As hyponatremia becomes pro-
longed over a longer period of time (more than 3 to 4
hr), brain becomes depleted of Na and K, thereby
limiting the increase in brain water content. Sodium
depletion, however, may result both in an inhibition
in brain energy metabolism and interference with
neurotransmitter amino acid release at the synaptic
level. These changes may directly affect brain func-
tion and may in part be responsible for the encepha-
lopathy of hyponatremia.
Acute water intoxication: Therapy. Despite a sub-
stantial amount of literature pertaining to both
patients and experimental animals with acute symp-
tomatic hyponatremia, there is suprisingly little avail-
able infomation as to the appropriate therapeutic
approach. There is general agreement that if hypo-
natremia is due to a specific underlying medical ill-
ness (cirrhosis, congestive heart failure, Addison's
disease), therapy should be directed primarily at the
underlying process. However, in the patient with
acute symptomatic hyponatremia, there is apparently
no unanimity of opinion as to appropriate therapy.
Most standard medical textbooks [111—113] agree
that acute symptomatic hyponatremia is a medical
emergency and suggest the use of hypertonic (500 to
860 mM) NaCI. These same sources also advise cau-
tion in treating hyponatremia "too rapidly" because
of the dangers of congestive heart failure or cerebral
hemorrhage. However, there are few recommenda-
tions as to how much hypertonic NaC1 to infuse over
how rapid a period of time.
The lack of such recommendations reflects the fact
that it is not known how fast one can safely raise
plasma Na in patients with acute hyponatremia, or
how long it takes for acute hyponatremia to cause
permanent brain damage. Studies directed at the
aforementioned problems, either in patients or exper-
imental animals, have yet to be undertaken. It is
known that in patients, acute water intoxication with
plasma Na below 125 mmoles/liter can cause irre-
versible brain damage within 12 hr [68, 69, 74, 88],
but the time span whereby complete recovery is pos-
sible is not known, It is known, however, that rapid
infusion or ingestion of large quantities of hypertonic
NaCI can cause congestive heart failure and subdural
and intracerebral hemorrhage, with a prohibitive
morbidity and mortality [20, 28—30]. The problem of
congestive heart failure is intensified by the fact that
hyponatremia per se appears to decrease cardiac out-
put [90]. However, either the infusion of 862 misi
NaC1 at a rate of about 70 mmoles/hr or estab-
lishment of a negative water balance of about 60&
ml/hr will usually elevate plasma Na by 2 to 3
mmoles/liter/hr [69, 114]. These forms of therapy are
continued until the patient undergoes definite symp-
tomatic improvement or until plasma Na has been
increased above 130 mmoles/liter. Both procedures
appear to be relatively safe, and until more definitive
data is available, therapy of acute symptomatic water
intoxication should probably be based on similar ma-
neuvers.
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